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SUMMARY 

A 'blade -element theory for axiairflow compressors has been 
developed and applied to the analysis of the effects of basic 
design variables on compressor perfoymanpe. Charts, vrhich are 
useful for a wide variety of design calculations, are presented. 

The relation between several efficiencies useful in compressor 
design are derived and discussed, ..and' the blade -element efficiency 
is shoim to be given by the same expression as that for the profile 
efficiency of a propeller. The possible gains in useful operating-- 
range obtainable by the use of adjustable stator blades are dis- 
cussed and a rapid method of calculating blade resettings using . 
charts is sho^m by an example. 

The relative Mach number is shown to be a dominant factor in 
determining the pressure ratio. If suitable efficiencies can be ' 
maintained, very high pressure ratios per. stage' are possible with 
supersonic designs, But even for subsonic compressor designs, 
considerable increase in pressure ratio over that for conventional 
designs can be obtained by producing a velocity distribution that 
■gives relative inlet Mach numbers close to the limiting Mach 
number on all blade elements. • With a given inlet Mach nvimber, 
the pressure ratio obtainable across a blade row Increases and 
the specific mass flow decreases as the ratio of mean whirl • • 

velocity to axial- velocity increases for the high -efficiency range 
of this velocity ratio. 

For subsonic compressor designs with a definite Mach number 
limitation, the velocity distribution in the inlet stage is par- 
ticularly important because the inlet stage limits both the mass 
flow eind the rotor speed of the compressor and thereby limits the 
pressure x-atio of the later stages as well as- the inlet stage. 

By the use of entrance guide vanes designed to produce a variable 
axial velocity at the entrance to the first rotor, a substantial 
increase in stage pressure ratio and a slight increase in specific 
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mass flow over designs based on. free vortex with the same turning 
and Mach number limitations are- shown to be possible. In the’ 
succeeding stages, the maximuia pressure ratio per stage is obtained 
by increasing the hub diameter to obtain the maximum axial velocity 
compatible with the Mach-number limitation, 


• INTRODUCTION 

The limited amount of research information available for the 
design of turbojet and turbine -propeller engines has emphasized 
the need ’for fundamental research on the compressor as one 'of the 
principal components of these po^er plants. The compressor charac!- 
teri&tics that must, be considered in the research program are 
efficiency, size' and weight, 'and operating range, or flexibility. 

Efficiency has a pronounced effect on the specific fuel con- 
sumption of the engine and is therefore especially important for 
long-range nonstop flights where ’the fuel weight may amount to 
several times the useful pay load. Although the efficiency of 
modern axial-flow compressors is high compared with other types of 
compressor, substantial gains in engine performance can be derived 
from further improvement in efficiency, 

■ ' =•' The importance of size and weight per unit power output of 
the engine increases rapidly as the flight speed is increased 
because of the, rapid increase in the power required. For- some of 
the- high-speed aircraft beirjg developed, the consideration of , the 
size and the weight of the powei- plant 'becomes of' the utmost . _ 
importance . " This analysis is primarily concerned -with the. compressor 
size’ as given 'by its diameter and length and therefore considers the 
weight only as affected by these variables. The length of a compres- 
sor for a given pressure ratio is d.etei’mined by the press'ure ratio 
per stage and the axial length of a stage; the diameter for a given 
air f.low is determined by the air flow per unit cross-sectional’ 
area and by the percentage of the total fi’ontal area utilized. 

Because of the relatively low pressure ratio per stage, the length 
of an axial -flow. compressor is usually greater than that of a 
centrifugal compressor, but the over-a.ll diameter is. smaller because 
of the utilization of a larger percentage of the over-all frontal 
area for air intake,. Special' effort should therefore be. given to 
reducing the length of an axia.1 -flow compressor with a given over- 
all pressure ratio by increasing the pressure ratio per stage. 
Reduction in the diameter for a given air flow by increasing the 
flow per unit inlet area Is also advantageous, particularly, for 
supersonic aircraft, where frontal area is extremely impoi-tant. 
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■ For operation at other than' design conditions, the compressor 
range, or flexibility, becomes important,. At ermine speeds below 
the design' value,- the. compressor efficiency may be low be.cause of 
a drop in peak efficiency or because of improper matching of the 
compressor with the turbine , . Consequently, the power required to 
start the engine may be high and the acceleration to design speed, 
slow. Because of improper matching, compressor surging may be ■ 
encountered at intermediate speeds, particularly during rapid . 
acceleration. The engine starting and accelerating characteristics 
with axial -flow compressors are generally poorer than with. centrif- 
ugal compressors mainly because the efficiency is highest at 
relatively high compressor speeds and drops appreciably as the 
speed is reduced, The use of high pressure ratios to. improve . 
the cycle efficiency. accentuates 'the problems associated with 
starting and accelerating to design speed and emphasizes' the 
need for the improvement of the range of the compressor. 

The effect of basic design variables on efficiency, pressure 
ratio, and mass flow, in axial -flow compressors is analyzed in 
terms of blade r-element theory, which is an extension of the 
theories developed in references 1 and 2. The blade -element 
analysis neglects the effects of variations in velocity, pressure, 
and density in the tangential direction at any given axial station. 
On this basis, the flovj across a blade row is treated as a steady, 
one -dimensional, adiabatic, compressible flow, and the velocity 
ratio, preas'ure ratio, density ratio, and velocity -of -sound ratio 
are expressed in terms of the flow-area 'ratio and the polytropic 
compression efficiency. Charts are presented for the rapid 
determination of these ratios for polytropic compression effi- 
ciencies from 0,7 to 1.0. As no restriction is placed upon the 
variation in axial velocity across a blade row, the method and the 
charts are applicable to a wide variety of compressor-design 
problems. 

In order to investigate the effect of the ratio of mean 
whirl velocity to axial velocity on the efficiency and the pres■^ 
sure ratio, a blade -relement theory of efficiency based upon 
incompressible flow and constant axial velocity is developed. 

The pressure ratio, for constant axial velocity and compressible 
flow, is then expressed in terms of the blade ^-element drag-lift 
ratio and the ratio of mean whirl velocity to axial velocity, by 
using the- general theory for pressure ratio and assuming that the 
polytropic efficiency is equal to the efficiency obtained from 
the incompressible-rflow theory. The effect of the ratio of the 
mean whirl velocity to axial velocity on the specific mass flow 
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is also derived in terms of compressible -flow theory. A simplifica-' 
tion of the method of calculating blade resettings for different . 
operating conditions based on 'the use of charts developed in this 
report is presented. ' . ^ 


SIMBOLS 


The symbols used in this report are defined in alphabetical 
order. The quantities represented by the symbols f, M, V, Wjj,, 
and p depend upon the reference frame . When only a single rovr 
of blades is being considered, that row of blades is taken as the 
reference frame. Jn consideration of a complete stage or any other 
cases where the reference- frame is not clear, it is- indicated by the 
subscript E or S for rotor or stator, respectively. 


A 

a 

-Cd 

Cl 

C 

°v 

D 

F 

f 

g 

h 

J 

K 

L 


cross-sectional area, square feet 
velocity of sound, feet peir second 
drag coefficient 
lift coefficient 
blade chord, feet 

specific heat at constant pressure, Btu per pound °F 
specific heat at constant volume, Btu per pound °F 
blade -prof ile drag, pounds per foot 

resultant force per unit blade length, pounds per foot 

flovf area (A cos p), square feet 

standard acceleration of gravity, 32.174 feet per 
second per second 

static enthalpy per vinit mass, foot-pounds per slug 
mechanical equivalent of heat, 778 f oot -^poimds per Btu 
constant in turning -angle relation , 
blade -prof ile lift, pounds per foot 
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I "blade height, feet. . 

M local Mach number (v/a) 


n 

P 

P 

E 

r 

S 

T 

t 

U 

V 

w 

W'V./^S 
W v'^(6A) 


polytropic exponent, for compression 
total pressure, pounds per square foot absolute 
static pressure, pounds per square foot absolute 
gas constant, foot-pound per pound ,‘^E 
radius to blade element, feet 
' blade spacing at radius r, feet 
total temperature, ,°E ' . 

static temperature, °E 

velocity of blade (ojr) at radius r, fe’et per second 

air velocity with respect to reference frame, feet 
per second 

mass flow rats, pounds per second 

mass flow rate corrected to standard sea-level pressure 
and temperature, pounds per second 

specific mass flow, pounds per secoiad per square foot 

ratio of mean v^hirl velocity to axial velocity (fig. 1) 


-Aw 


P- 

7 

5 


ratio of decrease in whirl velocity to axial velocity 
(fig. 1) 

angle of attack of isolated airfoil for. zero lift, degrees 

angle between compressor axis and air velocity, or flow 
angle (fig. 1), degrees 

ratio of specific heats (cp/cy) 

ratio of inlet total pressure to standard sea-level 
pressure ' (2116.2 Ib/sq ft) . 
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€ 

gliding angle (tan"^ D/L) 


’lad 

adiabatic efficiency of compression based on static pres?- 
sure and temperature ... 



polytropic efficiency of compression based on static 
pressure and , temperature 


^at 

compression efficiency based on static pressure 


e 

ratio of inlet total tempez’ature to standard sea-level 
temperature (518.6° K) . 


p 

density, slugs per cubic foot 


a 

blade -element solidity (c/S) 


c 

angle between blade chords and compressor aXis, degrees ' 


(0 ■ 

absolute ang\j.lar velocity of blade, radians per second 


Subsc;rlpts 



0 

standard sea-level conditions 


1 

inlet to blade row or stage 

/ 

2 ‘ 

outlet of blade row 


3 

outlet of stage ' . 


a • . 

axial . ' • • 


an ' ' . 

annulus 


h 

hub ' . ' 


i 

incompressible . • 

i 

id 

ideal 


m 

referred to vector -mean velocity 

i 

i 

E 

rotor , ‘ : 


S 

statof - 


8 . 

secondary 


• 
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st static 

T total. 

; t. . rotor-blade, tip 

w whirl 

0 tangential 


BLADE -El JiMSIW THSOEY 

The blade -element theory is divided into four parts: 

(1) gives the general compressible -flow theoi'y in terms of . 
polytropic compression efficiency; (2) develops the theory of 
blade -element efficiency in teimis of incompressible flow and 
constant axial velocity; (5) combines the results of-the first 
two' parts to obtain the pressure ratio as a fiuactlon of the drag - 
lift ratio and the ratio of mean whirl velocity to axial velocity 
for constant axial velocity; (4) considers the specific mass flow 
in terms of compressible -flow, theory. 


Comxiresslble-Flov/' Theory 

Onerdimenslonal analysis . - Because of the extreme complexity 
of the actual flow through compi-essor blades, various appiroximate 
methods of analysis are necessai’y. Analysis based upon one- 
■ dimensional flow, given in various forms and involving various 
approximations, has proved useful in the ana3.ysis of the flow 
through compressors and turbines and as a basis for design. . 

(See, for example, references 3 to 5.) With an infinite number 
of blades, a perfect compressible fluid theoretically flows along • 
surfaces' of revolution, which 'constitute flow surfaces, ' and the 
yeloci'ty, the pressure, and the density are independent of the- 
circumferential position. Because these flow variables may be 
expressed as a function of a single coordinate of position for 
the flo'w bet'ween two. infinitely close stream surfaces, this 
flow may be considered as "one -dimensional" flowi The actual 
determination of the stream surfaces, of course, constitutes a 
separate problem. 

The flow of a real fluid through a finite number of blades, 
however, is dependent on the circumferential position because of 
the effects of finite blade circulation, viscosity, and turbulence,' 
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and the flow will not follow exactly along surfaces of revolution. A 
one -dimensional approximation to the actual flow may he obtained, 
however, by using values of velocity, pressure, and density averaged 
in the circumferential direction and by using, for mean stream sur- 
faces, surfaces of revolution throu^ which the average net flow at 
any axial position is zero. Because the total flow of energy across 
a surface through which the fluid is flowing is greater than that 
based upon mean flow (reference 6), this simple one -dimensional 
analysis gives an inaccurate representation of the energy flow at 
stations whore there are large circumferential variations in velocity 
or a high degree of turbulence. A more accurate analysis could be 
obtained by using suitable coefficients to correct for effects of 
nonuniform velocity and turbulence. Because the present analysis 
is applied only to stations between blade rows where the circum- 
ferential variations are normally small, a,nd because the corrections 
for turbulence are very complex (reference 6), these refinements 
are omitted. 

Consider the flow aci-oss a row of rotor blades between two 
infinitely close surfaces of revolution corresponding to mean stream 
surfaces and take a reference frame that is fixed with respect to 
the blades sp that the flow. is essentially steady. If the energy 
transfer across the boundary surfaces of revolution is neglected, 
the energy equation for the flow across the blade row (fig. 1(a)) 
can be written 



^2^ 


0)2ro2 


0)2 r 2^2 
2 


=,gJc_t- 


A 

vj: ■ 


(1) 


The terms involving the angular velocity of the reference frame 
(0 represent the change in potential energy of the centrifugal -force 
field that results from the rotating frame of refeiience. The equa- 
tion can,, of course, be obtained by first considering the energy 
equation for a nonrotating reference frame and then transforming , , 
the 'results to the. rotating reference frame. The expression of tj^ • 
in terms of velocity of sound' a-j_ gives, after si iglit re-arrangement. 



For the flow through the stator blades the reference frame is 
stationary and CO is equal to , 0. Thep temperature ratio,' for a 
given inlet Mach 'number. and velocity ratios Vg/v^, wrg/v^, 


CONFIDENTIAL 



NACA EM No. E7D28 


CONFIDENTIAL 


9 


\ 


and Ojri/Vi, does not. depend upon losseSj but the pressure ratio 
Pg/p^^ and density ratio P 2 /P 1 The pressure ratio, density 

ratio, and velocity -of -sound ratio expressed in terms 

of the temperature ratio by use of the polytropic relation 


P2 ^ 

“ VlJ 


the equation of state for a perfect gas 

• p/p = gKt 


and the equation for the velocity of sound 

a = YrgBt 

The resulting relations can be concisely written as 

m - 2m 



The value of m depends upon the losses and can be expressed in 
terms of the polytropic compression efficiency discussed in the 
following section. 


The continuity equation, applied to the flow between the two 
infinitely close stream surfaces and expressed in terms of the 
flow area f measured nonaal to the' relative velocity, is 

fj_ drj_ cos P2^2 

'i^ ~ 2 nr 2 drg cos Pg ~ PiYi' ' 


The density can be eliminated from equation (4) by means of equa. 
tions (2) and (3) to obtain the flow-area ratio as an explicit 
function of the velocity ratios, the inlet Mach number, and the 
polytropic exponent: 


( 




7-1 

T" 


Mj^2 




(5) 
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For axial-flow compressors, radial flow can usually be neglected; 
conseq^uently' r^_ equals rg and ^equation (5) becomes 


'1 



which does not contain w and hence has the same form for rotating 
and stationary blades. It should be noted that the velocities are 
with respect to the given blade row as reference frame . 

Graphical representation in terms of polytropio efficiency . - A 
graphical representation of equation (6). is useful for the rapid 
determination 'Of any one of the variables in terms of the others. As 
it is usually more convenient to think in terms of compression effi- 
ciency than in terms of polytropic exponent, the graphical representa- 
tion of equation (6) is given in terms of the polytropic compression 
efficiency. This efficiency differs in two respects from the usual 
compressor efficiency. Compressor efficiency is usually defined as 
the ratio of the ideal work of compression from the initial to the 
final total pressure to the actual work done by the rotor blades. 

This efficiency is satisfactory for over-all performance representa- 
tion but gives no .information on the efficiency with which static ' 
pressure is increased and is meaningless when applied to stationary 
elements of the compressor (stator blades and exit diffuser). As a 
measure of efficiency of the separate steps in the compression 
process, an efficiency based upon static pressure is therefore ■ 
required. The change in kinetic energy of the fluid as well as 
the work input by the rotor blades is available for: conversion to 
static pressure. For rotating reference frames the change in poten- 
tial energy of the centrifugal -force field, which occurs when the 
radius changes, is also available for increasing the static pressure. 
If there is no heat transfer, the energy available for conversion 
into pressure is given by the change in static enthalpy Ah, whereas 
the ideal energy required for the given pressure change is 
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where Pia.(p) is density as a function of pressure for the 
ideal compression process. The general definition of efficiency 
based on the conversion of mechanical energy into static pressxxre 
is therefore 




M- 


PiJpT 


Ah 



and differs from the corresponding efficiency- based on total' pres- 
sure only in the replacement of- enthalpies and pressures based- on , 
total (stagnation) conditions by those based upon static conditions. 
Unlike the efficiency based upon total conditions, the efficiency 
based upor^ static conditions is independent of the reference frame 
and can* be- applied equally well tp stationary and rotating components 
of the compressor, For. these rsasons, an efficiency based on static 
conditions is used for the graphical z’e presentation. - 

The efficiency is incompletely specified, however, until the 
ideal process of compressipn is given. ..Herein lies the other dif-^ 
ference between the efficiency vised in- this analysis and the con- 
ventional adiabatic compressor efficiency. For compression without 
heat' transfer, . -the relation between adiabatic and polytropic effi- 
ciency is shown in appendix A to be given by , 


7rl 



for efficiencies and. pressure ratio based on -either total or static 
conditions, Wlien the pressure ratio is plotted on -a logarithmic 
scale (fig^2), a practically straight-line relation is obtained 
with the two efficiencies equal ata pressure ratio of 1, For the 
..pressure ratios obtained across a row of blades, at least for Sub- 
sonic designs (generally less than 1,2), the, difference between 
adiabatic and pplytropic efficiencies is . negligible (fig, 2 ),. It 
is shown in appendix A that tlie polytropic exponent for compression 
is given. in terms of the polytropic efficiency "by the relation 
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The discussion on efficiency may be summarized; The difference 
between the adiabatic- and polytropic efficiencies is usually negli- 
gible for the pressure ratios obtainable across a blade rov or a 
stage but becomes important when the over-all efficiency of a com- 
pressor is considered. The chart relating the two efficiencies 
(fig, 2) iS: useful, in estimating the over-all adiabatic efficiency 
of a compressor for adiabatic compression- in- tenna of an average 
stage efficienpy. represented by the polytropic- efficiency. Sffi- 
ciencies based. on static pressure and temperature changes are 
■ reqiuired.in considering the compression across individual blade ' 

TOWS and bhe same basis for efficiency Can be. .used for over-all 
;■ cd^ressor-perforiaance repfesentation. If the conventional adiabatic 
efficiency for the over-all performance in tenns of total pressures 
and temperatures is desired, a, small coi-rection may be applied to 
the adiabatic, efficiency based on static, states to take account of. 
the change, in Macli number- across the' compressor. . ' 

; .By .means of equations (6) and' (9), the flow-area, ratio . fn/fo ' 
can be, expressed as. an explicit function of the inlet Mach'.,.'namber, . 
the velocity ratio, and the polytropic efficiency. The relation 
bet\ireen these variables is shown in figure 3. By use of equa- 
tions (2), (3), and (9) (with r^^ = ^2^^ velocity -of -sound 

ratio ag/aj^, temperature ratio tg/t^; density ratio Po/pn, and 
pressure ratio P 2 /P 1 may also be given in terms of the same 
variables. For the applications considered, however, it is mor© 
convenient to replace the velocity ratio by the flow-area ratio as 
one of the Independent variables by means of equation (6). The 
graphical representation of these ratios with the inlet Mach number, 
flow-area ratio, and polytropic efficiency as independent variables 
is shown in figure 4. Figures 3 and 4,- show that the polytropic 
efficiency has a -rather large effect on the-.rflow relations ■■e.spe daily 
• at high Mach numbers , Appreciable error in the velocity .ratios for 
a given .type of blading may therefore resul-t if the calculations 
are -.based upon isentropic flow. 

A rigorous application of the charts to general blade-element 
analysis requires additional •relations based on considerations of 
radial equilibrium and will not be further developed here.- The 
chArts,. however, may be used for rapid approximate design calcula- 
tions and .for the calculation of blade resettings for different 
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operating conditions by considering only mean conditions, for the 
entire annular passage.' An' example of this type of application 
is given in appendix B ■ 


Blade -Element Efficiency 

The exact- analysis, of the efficiency of an axial -flo-w coid- 
X>reesor is extremely .complex and must be based upon a deta,iled 
knowledge of the flow processes involved. An approximate analysis 
can, however, be made by treating- the flow and the corresponding 
losses near the ends of the blades seijarately from those for. the 
csntra.1 "portion of the aniiular passage. The present blade -element 
analysis is applicable to the main- portion of the flow. The losses 
near the ends of the blades will be discussed under the section 
•entitled "Application of Blade -Element Theory to Compressor Design." 
The following analysis of the blade -element efficiency is based 
upon the assumptions of incompressible flow, constant axial velocity 
(see fig. 1(b)), and no radial flow. The usual raagnitud.es of radial’ 
flow, variations in axial velocity, and compressibility effects 
encountered in subsonic compressor designs should have little effect 
on the blade-element efficiency-, The theory is similar to that 
presented in re fere nee .. 2 ,- but the efficiency for a single blade 
• row based on staticr-pressure rise is used instead of the efficiency 
for the entire stage and the higher -order terms, in drag- lift ratio 
d/L are included. It is shown in appendix A that the blade - 
element efficiency for a blade row is given by 


• ^9t,i 
or 

tan (90^ - Pjj.) 

- ^ ^ = 2 ( 11 ) 

• tan (90° - Puj + € ) 

which, as might be expected, is the same as the profile efficiency 
of a propeller. 

■ The variation of the blade-element efficiency with ratio of 
the mean whirl velocity to axial -velocity- Wjj, is shown- in figure 5 
for .valvies of D/L of 0, 0.05 and 0.10, For optimum angles of- 
attack 'and efficient blading, the value of d/L should be -less 


1 — i. 5 

. Wm.L 
.1 + Wm (p/L) 


• ( 10 ) 
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than 0.05 and high blade-element efficiencies should. therefore be 
obtained. Because of the large variations in axial velocity^ the 
large and complex secondary flow, and the frictional effects of the 
vails, the blade-element analysis probably gives an inaccurate repre- 
sentation for the efficiency in the region of the blade root and 
blade tip . ‘ ' 

Because the analysis applies to either rotor or stator b.lades, 
the optimum value of 'Wjj,- is the same for each, and the resulting 
optimum velocity diagram for the stage is sjTametrical . For a 
symmetrical velocity diagx’am, the losses and the ideal pressure 
rises are the same for the rotor and stator blades (assuming that 
differences in the boundary flayer 'conditions do not affect the 
value of D/l), and the efficiency of conversion to static pressure 
•for the stage is the same, as for ©aQh 'blade •row; consequently, fig- 
ure 5 also represents the stage efficiency for- a symmetrical diagram. 
The efficiency for a symmetrical velocity diagram (fig. 5) differs 
slightly from that given in r’aference ’3 because of the inclusion of 
the higher-order terms in d/L, • For a nonsymmetrical velocity dia- 
gram, the blade -element efficiency for the stage is the weighted 
average of the blade-element efficiencies for the rotor and stator 
blades with the vreighting. factor given by the ideal pleasure rise . 
of each. The relations derived in the present analysis should be 
accurate over a wid© range of values of . D/L_ and w^. Because the 
curves of figure 5 are fairly flat in the region of peak efficiency, 
a moderate deviation from the optimiom value of Wm produces only 
a small loss in blade -element efficiency. 


Blade -Element Pressure Patio 


General eonslderatiohs . - If radial flow is neglected, the pres 
sure ratio across a it>w of blades, either i*otor or stator, is given 
by 


Es. , A * 

51 . 


7-1 A ^ 



( 12 ) 


which is obtained from equations (2), (3), and (9), For a given 
value of '7, -the pressure ratio thus depends only on the inlet Mach 
number Mi, the velocity ratio V2/^l> pplytropic efficiency 

If the efficiency could be held constant, very high pressure ratios 
obviously could be obtained by increasing, the Mach number. With con- 
ventional compressor designs, it has been found, however, that the 
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efficiency drops yery rapidly, if the inlet Mach niunher is increased 
■ much heyond /the critical fech n^ber of the blades. ..For this reason 
designs for -entrance Mach, numbers. appraciably above the critical 
Mach, number of thie blades have generally been considered impractical. 
Eantrowitz has -shovni,. however, that, with suitable design, super- 
sonic.. re la.tive inlet; velocities can be employed to obtain high pres- 
sure ratios without serious loss in efficiency ti^eference 7),. 

With given toch number and efficiency, equation (12) shows 
that the pressure ratio increases as the velocity ratio-, 
decreases, but at a continuously decreasing rate, and reaches% 
maximum at a velocity ratio of 0, Not all of the, static -pres sure 
rise resulting from. a decrease in the relatiye ve.locity, however,- 
represents a, gain in the total -pressure, ratio of .the compressor. .< 
Only changes in the whirl component of -velocity are effective in 
increasing the total pressure. Although the total pressure is 
•increased only across the rotor blades, the stator blades generally 
must change the whirl ' comporieht -'of yelOcijty by. the same -‘amount’ in 
the opposite direction -in order that the process can be repeated 
in the next stage. Changes in the axial component of velocity have 
no direct effect on the total ^pressure- ratio obtained. 

The possibility of an indirect effect on the total -pressure 
ratio must ,. however , . be considered. Schicht proposed increasing 
the total pressure ratio by using a rapidly increasing axial 
component of velocity through the rotor (reference 3). The .argu- 
ment for this procedure is that, when the usual adverse pressure 
gradient is avoided, a larger change in -tangential velocity «ni^ 
hence a greater total -pressure ratio can be obtained. This method 
may be effective for, single-stage, lovr-speed blowers, in applica- 
tions where high discharge velocitj'' is desired, The method is 
unsuitable, however, for high-speed, multistage axial -rflow com- 
pressors, -because, in order to be able to repeat- the- process in 
a number of stages, the axial velocity has to be again reduced 
thraugh- the stator blades. The argument that, an increasing axial 
velocity makes- possible a large change in whirl velocity -suggests 
that it would be very difficult to obtain with reasonable effi- 
'ciency the required change in whirl velocity in the stators, where 
the axial velocity is decreasing. Excessively h-igh’-Mach numbers ■ 
at the inlet to the stators -are a3.so encountered if reasonable • 
rotor speeds and inlet Mach numbers to the rotor- blades -are used.- 

The reverse procedure, in which the axial velocity is decrease'd 
across the rotor, has been used in a supersonic compressor described 
in .reference 7* This proced.ure may -, be .desirable for supersonic 
designs, but for subsonic 5iesii^s.7iwith Idef ihite tfe’ch -number 


CONEB^B^.- 



16 


COKFIDEIWIAL .. NACA EM No . E7D28 


limitations, which are hereinafter considered, little is to be gained 
in increased pressure ratio by appreciable changes in axial velocity 
acix>8B any blade row. -: A gradual change in the axial velocity through 
a multistage- compressor may . be desirable to obtain favorable condi-' 
tions at the inlet to each stage, but any increase in total -pressure 
ratio that is obtained results principally from the more favorab,le. . 
inlet conditions . to the succeeding stages rather than from the' direct 
effect of change in axial velocity acix)S3 a stage. In ana.lyzing the 
blade -element performance . of a single stage in relation to its. effect 
on the total -pres sure ratio of the compressor, the actual stage can 
therefoi^ be replaced by an equivalent stage with the samb-- entranc© 
Mach number and changes in tangential velobity but with constant 
axial velocity. Because, the static -pressure ratio across such an 
equivalent stage is practically the s^e as the total -pres sure ratio, 
the consideration of static -pres sure ratios alone is sufficient. 

■ Pressure rat io . based on constant axial •velocity . - For- constant 
axial velocity the velocity ratio across a blade row is given by 


- ’ V2 cos Pi 

Vi cos Pg 

and hence from equation (12) the pressure ratio is 


Pi 


= <1 


7-1 

+ — • Mi2 


r- -.vcos- Pi\ 


2T.r-i 


^cos pg/ Jj 


Y 


(13) 


The minimum possible value of the velocity ratio for a given inlet- 
air angle Pi is equal to the cosine of the inlet-^air angle.. For 
constant axial. yelocity, the inlet-air angle must thus.be large to 
obtain appreciable diffusion through any row of blades. 

The actual pressure ratio that can be obtained, however, depends 
also on the practical limitations on the tumitag of .the air, The 
usual limitations are based on blade lift coefficient Ci and. 
solidity o. (See references 2, 8, p. 39, and 9.) The relation 
between lift coefficient, solidity, and air angles is given 
(see appendix A) by • 




2 cos Pm (tan Pi .- tan Pg) 
1 + (D/L) tan Pr 


(14) 
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A graphical representation hased on these relations showing 0^0 
as a fimction of inlet -air angle eind turning angle for the case of 
D/L' equal to 0: is shown in figure 6, For most practical aijplica- 
tlons the term (D/l) tan Pjj, can be neglected but if high accuracy 
iS’ desired, the effect of. drag can be taTien into account by dividing 
the value of 0^0 obtained from figure 6 by 1 + (d/L) tan pjj,. 

The pressure ratio; expressed in terms of the ratio w^ of mean 
tangential velocity, to; the axial..:velocity, is given by 


. £2 

Pi 


1 + (r-i)Mi' 


2 




Wn)(-A>0 , 

Aw^ 


7-1 


1 + f^Wi3 ~ \ 


The value of -Aw in terms of C 




IB 


(15) 


^Aw = I C^a -/l + Wjjj2 

(See, appendix A for derivation of relations.) 


•(16) 


The pressure ratio as a function of Wjj, for Mp = 0.7 and 
C^a = 1 for three values of d/L is shown in figure 7(a). The 
polytropic efficiency was assumed equal to the efficiency for 
incompressible flow given by equation (10) . For the isentropic' 
case (d/l = 0), -the pressure latio increases asymptotically to ' 
a maxlmiUD as , Wj, increases but is very near the maximum value 
at Win ^ value of D/L is increased, the maximum pres- 

sure ratio is obtained at progressively lower values of Wq because 
.of the drop in efficiency when Wjjj is increased beyond 1 (fig. 5), 
Even with a value of d/L of 0,10, the maximum pi'essure ratio 
occurs at a value of Wju more than twice that for maximum effi- 
ciency. The effect of C^a on the pressure ratio is shown in 
figure 7(b). ' . ' 


The variation in pressure ratio with w^ sho\m in figures 7(a) 
arid 7(b) is quite different from the familiar variation (refer- 
ences 8^ pp. 9S-105, and 10) when' the rotor speed instead of the 
relative inlet Ms.ch number is constant. The variation in pressure 
ratio with Wpj for a symmetrical velocity, diagram when the ratio 
of blade speed to inlet velocity of sound u/ap is constant at 6.5 
and the value of d/L is 0.05 is shown in figure 7(c) with the 
inlet relative Mach number Mp shown as contours. The increase 
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in pressure ratio with decreasing Wjj] is due to the large increase 
in relative Mach number for small values of Vra- The actual attain- 
ment of the pressure ratios indicated in. figure 7(c) for high values 
of Ml is, of- course, very doubtful because of the difficulty of' 
maintaining the same value of . d/L as for the low values of Mi. 

The curves are, however, significant in Indicating the trend of the 
pressure ratio over any range of values of Wm in which d/L can 
be maintained substantially constant . The range of values of Wjjj 
over which D/L can be readily maintained at a value comparable to 
that given in figui-e 7(c) depends upon the value of U/ai, but the 
general trend of the curves is essentially the same for different 
values of u/ai. The important conclusion to be draw from fig- 
ure 7(c) is that, for a given rotor speed, the pressure ratio can 
be increased by increasing the design axial velocity up to the point 
where the effect of increased blade drag resul'bing from compression 
shock counterbalances the direct effect of increased Mach number. 

Although limitations based on C^a are widely used in fan and 
compressor design, it is not always realized that these limitations 
vary with the value of Wp 3 and hence with the blade stagger. 
Unfortunately, only' meager experimental data on this important point 
are available. According to Howell in an unpublished British report, 
the allowable value of drops appreciably with increasing values 

of , WjQ, and -Aw (equal to tan ap r- tan <^2 Howell's notation) 
is a better limitation at values of Wu, less than unity. The pres- 
sure ratio is sho'wn in figure 7(d) for a constant value of -Aw = .0.74:24 
(corresponding to its. va.lue for CpO = 1; Wjg = 1), both for a constant 
value of Mp. and for a constant value of IT/ap. The available data 
seem to indicate that, when the value of Wjj) is less than unity , the 
limitation based on -Aw is preferable, whereas, at values of. Wjg 
greater than unity, the limitation .based on Cjp is better. On the 
basis of either of these limitations on the turning of the air, for 
a given inlet Mach number a considerable drop in pressure ratio occurs 
if wm is decreased much beyond 1-. 

The pi-eceeding analysis has sho\m that, for reasonable limita- 
tions on the turning of the air, the pressure ratio increases -with 
the inlet Mach number when either the val\ie of Wm or the value 
of U/ap is held constant. The Mach number thus plays a dominant 
role in determining the pressure ratio. In order to obtain high 
■pressure ratios per stage, a compressor should therefore be designed 
■for a velocity distribution that gives as nearly a,s possible the 
limiting relative Mach number at the entrance to- all .blade elements. 
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Specific Mass Flow 


The mass flow through a unit cross'^sectional area of a 
compressor is given by ' , 


W 

A 


gPijiSjjt 


M cos p 



y-1 

2 , 


m2 


r+1 

I2TFTT 


(17) 


where the quantities M arid p are with restject to an absolute 
reference frame,. ( See appendix A . ) Because both Pqi and a^, 
increase through the compressor, the mass flow per imit area 
for a given absolute Mach number M and flow angle P also 
increa.ses through the compressor. Only at the compressor inlet 
does the mass flow per unit area therefore provide an essential 
limitation on the total mass flow for a compressor of a given 
diameter. Because this analysis is unconcerned with the effect 
of variation in inlet conditions, it is su.fficient to consider 
the mass flow per unit area for total pressures and temperatures 
equal to standard sea-level pressures and temperatures. This flow, 
is referred to hereinafter as "specific mass flow". The specific 
mass flow for dry air with y equal to 1.4 is given. by (see 
appendix A) 

V/a/F _ 85,4 M cos p /, gv 

(1 + 0.2 m 2 )^ 


The maximum specific mass flow is obtained when p =. 0 and M = 1 
and is equal to 49.4 pounds per second per square foot. For this 
condition to occur ahead of the first rotor, the, inlet Mach number 
relative to the first rotor must be supersonic. The decrease in 
specific mass flow for a moderate change in M or P from the 
optimum values, however, is slight. For example, for a value of 
M of 0.7, the reduction in specific mass flow is only 9 percent'. 


For a subsonic compressor design with a given Mach -number 
limitation and rotor s'!>eed, the maximum specific mass flow is 
obtained with an approximately symmetrical velocity diagram, 
because any appreciable deviation from symmetry requires a sub-?- 
stantial reduction in axial velocity to keep vrithin the tia'ch-number 
limitation on' both the rotor and stator blades. .For a symmetrical 
velocity diagram and a relative inlet Mach number the 

specific mass flow is given by ^ 
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■The variation of the specific mass flow with % is shown in figure 8 
for a- symmetrical velocity diagram with given Mach number and Cx,a 
limitations. The maximum specific mass flow is obtained at low values 
of Wj 2 but the rate of increase becomes very small as Wj^ is decreased 
below 0.4, At a value of w^ equal to 1, corresponding to the maximum 
blade-element efficiency, the specific mass flow is about 7.0 percent of 
its maximum value. 

APPLICATION OF BLADE -SIEMShT THEORY TO 

■compressor design - . 

Efficiency 

The .blade -element theory 'applies to the main portion of'the annular 
passage; the flow near the ends of the blades must be separately con- 
sidered. The friction of the annular walls and the secondary flow near 
the blade ends reduces the efficiency below the values based on blade r 
element efficiency alone. 

In an analj'^sis based on compressor data, Howell (reference 11) 
has expressed these losses as drag coefficients that are to be added 
to the profile drag coefficient to obtaixi the total drag coefficient 
of the blade. These drag coefficients are given by 

I ' ' ■> 

°P,an = 0^020 s/l (20) 

for the annulus losses and by - 

, ( 21 ) 

for the secondary-flow losses, Because the method of treatment when 
the velocity diagram varies appreciably from hub to tip iS;not indi- 
cated by Howell and because his basis for aiialyzing profile efficiency 
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is different .from that presented in this report, the empirical equa- 
tions (20) aiid (21) indicate only in' a qualitative vay how the per- 
formance based on blade -element efficiency is modified by these 
additional' losses. . - • 

The main effect of these additional losses would appear to be 
an increase in. the effective drag-lift ratio without materially- 
affecting the velocity -diagram relations deveioped.in the blade- ■' 
e.lement theory. The blade -element theory. can therefore be used to 
obtain an indication of the effect of different . velocity dfgtribu- 
t ions on the compressor efficiency . In estimating the oyer-all 
polytropic efficiency of a .compressor, the efficiency of each 
blade element must be weighted in proportion to the product of 
the mass flow over that blade element and the ideal pressure rise 
across the blade elemen't. Although it is impractical -to maintain 
the theoretical optimum value of Wjj, = .l for all blade ele'ments 
in a compressor, in. the final choice of the velocity distribution 
for a compressor, the. effect of. deviations from the optimum value- 
of Wu) on. the over-all efficiency should be considered. As shown 
in figure 5, however^ the decrease in -over-all efficiency for 
moderate deviations from thb optimum value of . Wjjj is . inappreciable . 

The blade -element -theoiy shows that, to obtain an increase in 
blade -element efficiency, research mus-t 'be directed toward the 
reduction of drag -lift ratio rather than a reduction of drag alone. 
The. over-all efficiency depends also to a considerable extent on 
the losses associated with secondary, flow not considered in the 
blade -element theory. In order to obtain a substantial reduction 
in secondary-flow losses, a much more detailed analysis of the 
three-dimensional flow than that given by the blade -element theory- 
is therefore required. 


Compressor Size' 

The blade -element theory shows for subsonic designs the pos- 
sibility of decreasing both the diameter, and the length of a 
compressor for a given air flow and pressure ratio by carefvil' 
consideration of the velocity distribution. A superficial con- 
sideration of figures 7(b) and 8 would suggest that for constant 
relative Mach number any effort to reduce the. diameter by- decreasing 
Wjg in order to increase . the specific mass f. low would of necessity 
decrease the pressure ratio per stage and there'by increase -the - 
compressor length. This ar^ment, however, considers only a single 
blade element and neglects the actual limitations that occur in^a 
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multistage compressor,' First, once, the rotor speed is fixed for any 
reason, the pressure ratio across. a blade element can be increased 
by decreasing the value of Wm ' to the point where the limiting Mach 
number is reached as shown by ‘figure 7(c), Second, the specific mass 
flov7 limits the mass flow of the compressor only at the inlet to the 
compressor. Because the inlet stage. ;tends to limit both the mass 
flow and the rotor speed of a compressor; the consideration of veloc-^ 
ity distribution in the . inlet stage is pai’ticularly Important. 

A small hubi-tip diameter ratio at the inlet is desirable for 
higli mass flow through, a given diameter'.' For the conventional type 
of axial -flow stage, ratios much. below 0.5 appear impracti cal although 
lower values might possibly be used in a very higli-rsolidity stage ■ 
with considerable hub taper. ■ 

•yelocity distribution in inlet 'stage . - The method of design 
based- upon .free -rvortex flow is vridely used because of the simplicity 
and the relativelj’- high accuracy .with' which the flow can be calcu- 
lated. The velocity diagrams for a free -vortex design for high 
specific mass. flow with a hub -tip diameter ratio of 0,55 is shown 
in figure 9(a). For simplicity, -the effect of passage taper is 
neglected. The maximum pressure ratio, compatibie with this type of 
design was obtained by malcing the. maximum Mach number the same (0.7) 
on the rotor and stator blades. The maximum Mach number occurs at 
the tip on the rotor blades and at the hub on the stator blades. 

The blade -element theory shows that this- ty^e of design has 
several disadvantages. The velocity diagram is unsymmetrical at 
all but one radius and the inlet Mach number for most of the ' blade 
length is much below the limiting value. The result is a rather 
low pressure ratio per stage. At the hub the relative velocity at 
the exit of the rotor is actually greater than at the inlet. There 
is some question whether the flow would actually start in the direc- 
tion indicated. This uncertainty of flow direction can be eliminated 
by making the velocity diagram more symmetrical at the hub but the 
pressure ratio of the stage is reduced further by this adjustment. 

' The use of a symmetrical velocity diagram with constant total 
enthalpy at all radii (fig. 9(b)), which may be obtained by properly 
designed entrance guide vanes, eliminates these disadvantages. The 
same Mach-number and CjO limitations are used as* for the free- 
vortex design. The principal difference is that the entrance Mach 
number is very nearly constant for all' blade elements ’of both rotor . 
and stator blades. The inlei- Mach number at the hub is actually 
slightly higher than at the ■tip because of the increase in axial 
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velocity toward the hub for this type of rotation. The specific 
Hass flo\'7 is also somewhat higher for. the symmetrical velocity' 
diagram than for a free_ vortex because of the increase in axial 
velocity toward the hub. A comparison of thd specific mass flow 
and pressure ratio for the two types of velocity distribution with 
the same max5.mum inlet Mach number for each is shown in the following 
table ; 



wVe/aA 

1 

Ap/Pi 

Ap (vortex) 


Ap (symmetrical diagram) 

Symmetrical diagram 

37.4 

0.136 


Free vortex, same 
Free vortex, same -Awjj 

35.1 

.087 

0.64 

35 .2 

.091 

.67 


Limitations on turning based on both CjjJ and on hw are shown. 

The limitations are coriservative but are the same for both types 
of design and should 'therefore give the relative, but not necessarily 
the maximum, performance for the two designs. Not only is the pres~ 
sure ratio for the inlet stage higher for the symmetrical diagram 
than for the vortex but also the pressure ratio obtainable in the 
succeeding stages is higher because of a higher rotor speed allowed 
for the symmetrical -design diagram (12 percent higher in this case). 

A disadvantage of the design based on symmetrical velocity 
and constant total enthalpy is that the axial velocity may become •. 
very low or actually reverse near the tip, especially after the 
rotor, for low mass flow. The decrease in axial velocity across 
the rotor blades at the tip is not shown in the velocity diagram. 

The variation in eixial velocity from hub to tip serves a useful 
purpose in producing a more uniform entrance Mach number but, if 
too large, results in flow separation along the outer wall. The ■ 
magnitude of the radial variation in axial velocity for the 
symmetrical r-diagram design is a function of Wm at some particular 
radius, such as the hub, and increases with increasing values of 
Wu). The axial velocity at the casing may become 0 if the value 
of Wjj) at the hub is made much greater than the value used in 
this example. The design based on a symmetrical velocity diagram 
and constant total enthalpy along the radius is therefore suitable 
only for designs with high specific mass flow. A velocity distri- 
bution somewhere betyeen a free vpptex and a symmetrical velocity 
diagram at all radii would probably be preferable for designs of 
lower specific mass flow than that considered in the example of 
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figure 9(b). Small variations in the total enthalpy along the radius 
may also be useful in obtaining, more suitable Velocity diagrams iri 
later stages. The determination of the theoretical .optimum distribu- 
tion of velocity and enthalpy is very- complex because of the infinite 
number of possib.le variations,., but a- good approximation to an optimum 
design for given conditions is possible with the aid of the blade - 
element theory. 

Axial variations through compressor . - The blade -element theory 
is also very, useful in the analysis of the effect of different varia’* 
tions of axial velocity from, stage to stage. The speed of the rotor 
is usually determined by the Mach -number., limitation on the first row 
of rotor blades. For maximum pressure- ratio per stage, an increase 
in the blade velocity U in the ^ later stages would be desirable. 

In the usual designs, the angular velocity of all the rotor blades 
is the same because they are mounted on the same shaft. The blade - 
element velocity' u, however, can be increased by increasing the 
radial distance from the axis. The increase in the tip diameter, 
however, increases the over-all dianieter of the compressor for a 
given specific mass flow at the compressor inlet., .If a, larger over- 
all diameter is to be' used, the use of the larger diameter also at 
the inlet would appear desirable in order to allow a higher hub -tip 
diameter ratio with a given mass flow. The increase in the tip 
diameter in the later stages therefore is of dubious value. 

The increase in hub diameter from stage to stage, however, 
produces a higher pressure ratio per stage both by increasing the 
blade -element velocity at the. hub Ujj and by maintaining the inlet ' 
Mach number near the limiting value by an increase in axial velocity 
(fig. 7(c)), The maximum pressure ratio with a .constant casing 
diameter is obtained by increasing ' the hub diameter from stage to 
stage in such a manner as to obtain the limiting Mach number on 
each stage . Beca.use the velocity of sound increases, the axial 
velocity at the casing must be increased to maintain, the same Mach 
'number. ' For pressure ratios of 5 or more> this, procedure leads to 
very short blades and high ratios of hub to tip diameter in the 
last stages. The tipr^-cleai’ance losses will be increased, unless 
the absolute clearances are reduced, '-because of the greater relative 
clearance -for the short blades. The 'annulus losses may also be a 
larger percentage of the energy input because of higher ratio of 
passive, or annulus, area to active, or blade, area (reference 12)-, 
The use of smal.1 blade chorda v/ill rediice this ratio of passive to 
active area as well as reduce the length of the compressor, but the 
adverse effect of reducing the Be ynolds number must be considered 
(reference 12). Because of the relatively high density and velocity 
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in the iast stage s> however, the choirs caii he made conslde-rahly 
• smaller .than in. the inlet stages and the same Heynolds. number main- 
tained. The diffuser requires more careful attention with high 
axial velocities at the- compressor outlet but the .diffuser losses 
become less important as the over-all pressure ratio is inci^ased. 
The use of boundary -layer control, even for high outlet velocities^ 
should mate it possible. to obtain efficient diffusion in a very 
short diffuser (reference 13) . The required suction should not 
be difficult to provide. For ex^ple, the boundary-layer air 
. removed. might be used for cooling some portion of the turbine 
where the pressure is lower than that in the diffuser. 

The high losses reported by Eckert (reference 12) for high 
hub-tip diameter ratios in single-stage blowers appear to- be less 
serious in multistage compressors. The hub-tip diameter ratio -is 
quite, high in the last few stages of the. NACA e ight -stage axial- . 
flow, compressor (0.S3 in the last stage), (See reference 2,.). 
Although. no. infoi’mation is avai.l.able on the efficiency of the. 

.. last stages, the over-all efficiency (references 1, 2, and 14) 
is. much higher than would be expected .if the efficiency dropped = 
off as indicated by Eckert. • , . • • . 


Flexibility and Eaiage 

Very little has yet been done on the investigation of the 
effect of design variables on the reinge and the flexibility of 
axial -flow compressors. An unpublished British report made .a 
theoretical. analfsis based on cascade data of several types of 
design, but. the differences in range for practical designs were 
not partipularly remarkable. The problem of range and flexibility 
is considered, from an ..entirely different point of view in .refer- 
. ence 1, where the possible extension of the useful range by the 
use of adjustable stator blades is investigated. Improvements ? 
in the efficiency at other than design speed and a considerable 
extension of the flow range at 6iny given speed were found to be 
possible by the adjustment of, the stator blades alone, An 
improvement of about 0.08 in efficiency oyer the design setting 
for one of the blade resettings at approximately half the design 
speed was obtained. A shift of the peak-efficiency flow by 20 
to 30. isercent was possible over the entire speed range by the use 
of different stator-blade settings. The extension in the flow . 
range was particularly’’ striking at a compressor Mach number of 0.8 
because of the very narrow range at this speed with any one b.lade 
Betting, An approximately sevenfold increase in the flow range 
was obtained at this compressor speed by the use of different 
stator-blade settings. 
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■ The success of this method in extending the' useful range of 
axial "flow compressors has warranted the development of a more rapid 
method . for , comput ing blade resettings than 'that presented in refer- 
ence 1. Figures 3, 4, and 6 provide the basis for such a method^ 
as Is ■ illustrated by the example' in appendix B.. ■ 


- SUMMAEY OF ANALYSIS 


A blade-element theory developed for analyzing the effect of 
basic design variables on axial -flow-compressor perforaance may be 
summarized' as follows: 

The. one -dimensional compressible -flow ’theory shows that the . 
effect, of polytropic, efficiency on the '.flow relations across a' row 
:. ;of blades Is of the same order of magnitude as the effect of the ' 
Mach number. .Flow calculations based upoh isentropic compressible 
flow. may therefore be appreciably in error.. The blade4elemeht' effi- 
ciency based’ on static-pressure rise'- and the assumption of incompres- 
sible flow in terms of drag -lift ratio and mean f.lov7 angle is Shown 
to be the same as the profile efficiency ' of a propeller. For sub- 
stantial Improvement in compressor efficiency, research should be 
directed toward a reduction in blade-element drag-lift ratio and 
toward a better understanding of secondary -flow phenomena. 

The relative Mach number is shown to be a dominant 'factor in 
determining the pressure ratio and, if the efficiency can be main-, 
tained, very, high pressure ratios per stage are possible with super- 
sonic designs. ' But even for subsonic compressor designs, considerable 
increase in pressure ratio over that for conventional design's can be 
obtained by producing, a velocity distribution theTt gives relative 
inlet Mach numbers close to the limiting Mach number on all blade 
elements. With a given inlet Mach number, the pressure ratio 
obtainable across a blade row increases and the specific mass flow 
decreases as the ratio of mean \7hirl velocity to axial velocity 
increases'. for the high-efficiency range of this velocity ratio.' 

For subsopic compressor designs with a definite. Mach-number limi- 
tation, the velocity distribution in the inlet stage is particularly 
important because the inlet stage limits both the mass flow and the 
rotor speed of the compressor and thereby limits the pressure ratio 
of later stages as well as the inlet stage.. By the use of entrance 
.guide vanes designed to produce a variable axial velocity at the 
entrance to the first rotor, a substantial increase in stage pressure 
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ratio and a slight increase in the specific mass flow over designs 
based on free vortex with the same Mach -number and turning limita- 
tions are shown to be possible. In the succeeding stages^ the 
maximum pressure ratio per stage without eui increase in compressor 
diameter is obtainable by increasing the hub diameter to obtain the 
maximum axial velocity compatible with the Mach-,number limitation. 

Flight Propulsion Eesearch Laboratory, 

National Advisory. Co,mmittee for Aeronautics, 

Cleveland,- Ohio, 
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, APP2NDIX A, .. ■ 
DSEIVATION OF EQUATIONS 


Adiabatic and polytropic efficiencies . - For different ideal 
reversible processes, such as adiabatic’^ isothermal, and polytropic, 
the densities will be different functions of the pressure and by 
equation (7) the efficiencies obtained will.be different. Because 
most actual compression processes are approximately adiabatic, the 
efficiency based on a a’everslble adiabatic process as the ideal 
process has been widely used. The polytropic efficiency is also 
useful because it is equal to the efficiency of the individual small 
stages of an adiabatic compression wlv^n the efficiency of these 
small stages is constant throughout. For this reason, it is often 
referred to as "small-stage" efficiency. 'For constant -specific 
heat, the density is given by 


P 



for the reversible adiabatic process and by 


P 



( 22 ) 


\ 


(23) 


for the polytropic process. The polytropic exponent m for the 
ideal process is chosen to give the same density and temperature 
at the final pressure pg as for the actual process. The substi- 
tution of these expressions in equation (7) and- the use of the 
perfect gas law gives the following values for the adiabatic and 
polytropic efficiencies 
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The thermodynamio relations 



Ah = JgCp (og - t.^) 

= SB 

(tg - tT^) 

and 
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vhexi substituted in equations (24) and (25) give 
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and 


Therefore 
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m/(m-l) • 
P ~ 7/ (7-1) 



29 


(26) 


(27) 


(28) 


(29) 


( 8 ) 
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which is equation (8) of this report. By the use of L'Hospital*s 
rule, the limiting value of as Pg/Pq approaches 1 can readily 

he shoTO to he equal to T|p.. 

If equation (29) is solved for m, the poiytropic exponent is 
given as a function of the polytropic efficiency 


m = (9) 

7-1 . 

Although the derivations have heen made in terms of static pres 
sures, temperatures, and enthalpies, all the relations used apply 
equally well to total states; the values of the efficiencies and the 
polytropic exponents for a particular compressor will, of course, be 
somewhat different . ' 


Pressure ratios . - The pressure ratio across a row of blades for 
■ constant axial velocity can he expressed in terms of Wjjj, -Aw, and 
M by use of equation (12) and figure 1(b) 




’’ilL 

2 . „ 2\^-^ 


Si 


2 ^ 2 J 

Vi 




7% 

2V-1 


V 


^a 


1 + (7-1) m/ S i, 

- - O 


V 


7% 

7'^ 


, ;■ ? Wjj,(.Aw) 

1 + (7-1) - 


'7-1 


1 + 


4 - 

2 ) 


(15) 
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Blade -element efficiency . - A blade-element efficiency for • 
incompressible flow based on the power input to the air by the rotor 
is suitable if applied to an entire stage, as in reference 2, but 
is not suitable for consld.ering the. performance of a single blade 
row. For flow across a single blade row with no change in radius, 


Ah = ^^.^ (30) 

2.2 

and the general expression for efficiency based on static^ sta.tes 
(equation (7)) becomes, for' the case of incompressible flow 
considered here^ 


^st,i “ 



(31) 


Vhich is the usual simplified expression for diffuser efficiency 
in which velocity variations across the passage are neglected 
(reference 15) , 

For constant axial vei.ocity, the following rei.ations can 
readily be obtained from figure 10 and momentum considerations 

F 

Ap = - 5 : = 1 (L sin - D cos B ) 

S S “ “ 

= Lfili” 4 - S cot 6 ^ (32) , 

S V L V 


, fg ' E si" Pm 

JLi — — - 

•cos 


=' ■ - L -tan Pm 

cos Pjjj L 
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or by solving for L 


L = — 


cos pjj, jjL + (d/l) tan 

pVg^^s (tan 3]- - tan Pg) 
cos 3 j2^ Q. + (P/l) tan 3jj^ | 

If this lift is substituted in eq.uation (32)/ 

pVg ,2 tan 3 jj^ (tan 3 ^ - tan 33 ) |^1 - (D/l) cot 3 J 


(33) 


Ap = 


1 + (P/l) tan 3 


m 


py„^ V (-Aw) 

’i - 

a m 

'%\l2 


1 + Wjj, (d/l) 


(34) 


also 








= PV^2 (_Aw) (35) 

By the substitution of equations (34) and (35) in equation (31), the 
blade-element efficiency based on static -pressure rise and incoinpres 
Bible flow is finally obtained as 


1 - 


1 /D 


w. 


m \L 


^t,i 1 + w (p/L) 


( 10 ) 


The blade-element efficiency can also be expressed in terms of 
the "gliding angle" e (fig. 10), which is defined by 


tan e = p/L 


( 36 ) 
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The profile efficiency is 


^8t,i 


tan (pj^ r e) 
tan Pjjj 


tan .(.9QQ - 
tan (90° - Pm + e) 


( 11 ) 


which is the same as the expression for the profile efficiency of 
a propeller. 


Lift coefficient . - The relations for CjO, equations (22) 
and (23) of reference 1, neglect the effect of drag and give the 
values corresponding . to' D/L .= 0, The exact expressions^ for 
values of D/l different from 0, can readily be derived from 
equations (2) and (6) of reference 1 


and 


Fg = pS V^2 (_Aw) 


L 


cos Pm [l + (d/l) tan pj^'] 


Hence 


pS V 2 (-Aw) 

• L = 

cos Pm Cl + (d/l) tan Pml 


peVa^ 

• (tan pj_ - tan p^) 
cos Pm Cl + (d/l) tan Pm3 


and the value of 


ClO 


is obtained by multiplying by 


2g 

p'V ^c 
m 
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Ct o 


LO 

1 „ 2 
2 ° 


2Vq, 2 (tan P]_ - tan Pg) 

o 

Vjj^ cp'a pjjj Cl '+- (d/l) tan Pj^] 


2 cos pjjj (tan p]_ 


1 + (d/l) tan pj^ 


(14) 


This relation can also be expressed in terms of the variables, 
and (-hw) by referring to figure 1(b): 


ClO = 


-2AW:. 


+1. [1 + (Wl) 


which when solved for -Aw becomes equation (16) of the repqrt 


-Aw = ICj^O ^1 + Wjjj2 ^ + Wj^ 


(16) 


Specific mass flow . - The mass flow throu^ a unit cross-sectional 
area in terms of an absolute reference frame -is 
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W 

A 



ss gp^ ap X cos 3 

pip Qp B. 


^ SPp ^p 


M cos 0 


1 + 2zk 
^ 2 


7+1 ■ 

,\aTr^ 


T 


P Vyg 
>^W 


M cos 3 


7+1 

^2(7-1) 


1 + 21zi 

2 


(17) 



5 2116.2 Vl.4 X 52.174 M cos 3 

Ve /\/53.34rx 518.6 (l + 0.2 M2y 


Hence 


W f\fe _ 85.4 M cos 3 

(l + 0.2 m 2 )^ 

In order to express this result in terms of the relative Mach number 
and the velocity -diagram parameters for a symmetrical velocity dia- 
gram, it must be remembered that the quantities, in equation (18) are 
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fox absolute coordinates at the entrance to the rotor .(station l) . 
With the aid of figi^re 1(b), which is taken to represent the rotor 
blades, the following substitutions may b© made in equation (18): 



The value of -Aw is given in terms of CjO by equation (16). 
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APPENDIX B 

EXAMPLE OF USE . OF CHARTS FOB COMPUTATION 

OF STATOB -BLADE RESETTING , : ^ ^ 

The method of .computing the stator-blade resetting for dif- 
ferent operating conditions given in reference 1 involves consider- 
able labor in the trial-and-error solution of the velocity -ratio 
equation (equation (19) of refer^ce 1) . The charts, given in 
figures 3, 4, ^d' 6 greatly facilitate the computation of statorr? 
blade resetting, as is illustrated by the folipwihg. exgmple; 

. The computations are made for a typical stage. of.. the NACA 
eight-stage axial -flow compressor for an air flow and speed 
appreciably below' the design values. The conditions. at the inlpt 
to the stage are determined. b5'’ the flow from the previous stage , 
arid, f or the purpose of this example, "are as sitmed to be known. 

The stage is here taken as a row of stator blades followed by a, . 
row of rotor blades. The station designations are: 1, at' inlet 

to stator blades; 2, between stator and rotor blades; and 3, at 
outlet. to rotor blades. Quantities that are a function of the 
radius are taken, at midpassage unless otherwise specified. The 
following goometr.ic characteristics of the stage are given: 

Aj^/Ag = 1.118, Ag/Aj = 1.127 

'4/ = 45.3°, = 43. 1° (design values) 

S . R * *v 

a = !-5.6° (for blades used) 

£L ^ O 

03 = 0.9961, Op = 1.0156 

^2^^2 t ~ 0*900^ 

The given inlet conditions and rotor speed ere : 

3, = 65.3°, V /a = 0.492, U /a = 0.708 

' 1 . ' 'l l t' 1 

It is proposed to. reset the stator blades to make the maxi- 
mum lift coefficient at the mean radius, which may. occur on either 
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J 

the stator or the rotor blades, equal to, a prescribed value of 0 , 8 . 
The adji;stmeut of the stator-blade angle to give a prescribed lift 
coefficient on the stator blades may be. accomplished very simply by 
the use of figure 6 and the empirical relation from reference 1 
(equation (17)); \ ‘ ^ 

but the lift coefficient oh the rotor blades also must be checked 
in order to determine whether the prescribed maximum is exceeded. 

If the prescribed maximum lift coefficient, is exceeded on the rotor 
blades, as it is in: this example,!, the- lift coefficient must be 
deteOTined Kith different statoi'-blade settings until the prescribed 
maximum lift coefficient ' is- obtained on the rotor blades. The cal- 
culation of the stator-blade setting for a lift coefficient of 0.8 
on' the stators is first made and the resulting lift coefficient on 
the rotor blades determined. The calculation for the final trial 
solution for a lift coefficient of , 0.8 on the rotor blades is then 
presented* . 

For simplicity, the ‘value of .. K ,is assumed to bo 0.9 throu^out 
Somewhat more. accurate results could be obtained by estimating the 
value of K from the -values presented in reference 16. A polytropic 
efficiency rip of 0.9 is also aeaumed. The turning angle Pq - 32 
is found from figure 6 for , 

= 0.8 X 0,9961 = 0.797 
and, for, Pq equal to 65.3°, is 11.5°. 

Therefore . - 

62 ,== 53.8° 


and from the relation 

Pg = .0.1 pj^ 0.9 - 0.9 X 5,6 

the value of - ''I /3 is d^eterminod as 58.1°;. 

The value of Cq^ for. the rotor blades for this stator -blade 
setting requires the. calculation of the flow across -the stator. The 
flow-area ratio is 

f, A-, cos p, cos 65.3° 

J; = ,_4 i = 1.118 = 0.791 

f£ Ag cos 62 cos 53.8° 
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By the use of figures 3(c) and 4(c) with fi/f2 0.791 and 
V]/ai = 0.492, the following ratios are obtained: "^z/^1 ~ 0.754, 
^2/^1 ^ 1*021,' and 0 - 2 / = I-OIO. The f low conditions of the air 
leaving the stator row may now be obtained from the f ollovrlng 
delations ; , , 


li - 0.754 X 0.492 
ag a-|_ ag • 1 . 010 


0,367 


V 

a. 2 


cos Pg 

0,367 cos 



— ^ 
a2 


&2 

53.8° = 

0.217 

V 2 

^2 



53.8° = 


^2 

^ ^2 

sin Pg = 

0.367 cos 

0.296 


— = = 0.708 X 0.9004 ^ q.631 

^2 ^1 %t . 1.010; 

The whirl component of the Mach number relative to the rotor 
is then given, by 


= Yl - = 0.631 - 0.296 = 0.335 

ag ^ ag 

The air velocity and the air angle relative to the rotor are then 
obtained from the relations (in which the subscript E has been 
dropped) • • 

tan 6g = ^'^^.2/^2 _ 0.335 _ 1,544 
^a,2/®’2 ,0.217 

3g = 57.1° 

^ 0.335 _ o xqq 
ag 8in6g. 0.840, 
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The leaving -air angle may .now he obtained; , frohi the relation 

' 33 = (l-K) .P.2 + + Ka^,o ' 

= (1-0.9) 57.1° + 0.9 (43.1°) + 0,9 (-5.6°)' ' . 

= 39.5° . ' 

The flow-area ratio across the rotor row is now obtained from 


£2 = ^ ^ 1,127 °°s_51:i° = 0.792 ' 

f3 A3 cos 63 cos 39.5° 

Using figures 3(c) and 4(c) again with " 

Ml = 0.399 (with the obviohs changes in subscripts) gives 

V'z t*z a-z 

~ = 0.770, ' = 1.013-, -- = 1.006 

Vg “^2 - • ■ • »2 . 

and. the conditions at the exit of the rotor row are 

V3 V3 V2 ag _ 0.770 X 0.399 _ ^ 

1.006 

Y -z Y-z 

- -° cos 3z = 0.305 cos 39.5° = 0.235 

■ . . ■ aj aj ^ 


sin 3, = 0.305 sin 39.5° = 0.194 

»3 ag , ° , 

The turning angle for the rotor row is .62 ~ P3 = 57.1° - 39.5° = 17.6° 
Now by use of figure 6, CiP - 0.93, which gives a lift coefficient 
oh the rotor 


n ^ 0.93 

L 1.0156 


0.92 
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This lift coefficient exceeds the maximum allowable value 
of 0.8, The lift coefficient on the rotor row therefore must be 
lowered by increasing the stator-blade angles. The stator lift 
coefficient will also be unavoidably reduced; 

After several trials, a value of 'I'g = 60® was found to give 
approximately the .maximum allowable lift coefficient of 0.8 on the 
rotor blades. The . calcula,t ions for this, case follow: 

The turning --angle relation is first applied to find P 2 ; 

P2 = (l-K) Pi + K^i.^ + 

= (lrO.9) 65.3® + O.S (60°) + 0.9 (-5.6®) 

= 55.5® 

The flow-area ratio is • • . 


fl Ai cos Pi • cos 65.3® 

— ^ = 1.118 .-r = 0.825 


f 2 A 2 cos P 2 


C03 55.5° 


fl 


Vl 


Using figures 3(c) and 4(c) with — = 0.825 and 

12 ai 


= 0.492 gives 


Vg/Vi = 0.792, t2Al = 1-013^ ^2^1 = 1,009 


The conditions leaving the stator row are 


= Z§. Zi fl = 0.792 X 0.492 ^ Q^jgg 
®2 ^1 ®'-l ^2 1.009 


V„ p Vp 

= _£ cos Pp = 0.386 cos 55.5° = 0.218 

a2 a2 


Sr, 2 


^2 


■^2 

— sin Pp = 0.386 sin 56.5® = 0.318 
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The conditions at entrance to the rotor row are 


Hi = '.^2 . fa _ 0.708 X 0.900 

® 2 ^"1 ^2 j t ^2 ^ ■ 


= 0.63i 


\.2,E ^ Hi 


= 0.631 - 0.318 = 0.313 


^2' ^2 ag 

and relative to the. rotor blades 


tan 82 = = 1.435 


%2/H 0.218 

82 = 55.1° 


Vc 


w , 2/°'2 


0.313 


= 0.382 


E2 “ sin 82 0.620 

The leaving -air angle 83 is 

r 

83 = ( 1 -K) 82 + % + Ka^^O 

= (1-0.9) 55.1° + 0.9 (43.1°) + 0.9 ( 
= 39.3° 

The flow-area ratio over the rotor is 
fg Ag cos 82 


, 1.127 = 0.833 

cos 39.3° 


^3 "^3 SOS 83 


Using figures 4 (c)n and 5(c) with fi/fg t 0.833 and 
(with the obvious changes in subscripts ) "now gives 

V 3 /V 2 = 0.810, tj/tg = 1,01, a 3 /ag =1.005 
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The flow conditions at the rotor exit nay now be obtained: 


■ ^ O.eiOVx 0;382 


^2 ^3 


1.005 


= 0.308 


V V . ; 

^ cos = 0.308 cos. 39.3° = 0.238 

as S3 


Sil - 13 

®-3 ®’3 


Sin Ps = 0.308 sin- 39^3° = 0.195 


The turning angles for stator- and' rotor row are 
h,S ' h,S = ®3.3° .-55.5° = 9.8° 
<^2,E - 1 ^ 3 , E = “ . 39 - 3 ^ = 15 . 8 ° 

From figure 6 with these turning angles, 

(CiO/'g = 0.69 . 

(Cj-a)j^ = 0.81 

The. lift coefficients then are 


O' • — ^ -_ 0 cb 

•%S.^ 0.9961 ^ 


C,- _ = = ,0.80 

1.0156 
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Figure 2. - Variation of adiabatic efficiency with pressure ratio for polytropic efficiencies .np 
0.60 to 1.0 and y equal to 1.3 and 1.4 for adiabatic compression. ^ 
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Fig. 3 a 



Flow-area ratio, f|/f 2 
(a) Polytropic efficiency ?)p, 0.7. 


Figure 3. - Velocity ratio for steady, one-dimensional flow 
as a function of flow-area ratio, inlet Mach number, and 
polytropic efficiency for adiabatic compression with y 
equal to 1.4. 
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Fig. 3b 


CON F I DEN Tl AL 


NACA RM NO. E7D2 8 



Flow-area ratio, f|/f2 


(b) Polytropic efficiency rjp, 0.8. 


Figure 3. - Continued. Velocity ratio for steady, one-dimen- 
sional flow as a function of flow-area ratio, inlet Mach 
number, and polytropic efficiency for adiabatic compression 
with Y equal to I .4. 
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(c) Polytropic efficiency r)p. 0*9* 

Figure 3. - Continued. Velocity ratio for steady, one-dimen- 
sional flow as a function of flow-area ratio, inlet Mach 
number, and polytropic efficiency for adiabatic compression 
with Y egua I to I . 4. 
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Fig. 4d 
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Figure 4. - Concluded. Ve loc i ty-of-sound* ratio, temperature ratio, density ratio, and pres- 
sure ratio for steady, one-dimensional flow as functions of flow-area ratio, inlet Mach 
number, and polytropic efficiency for adiabatic compression with y equal to 1.4. 
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Figure 5. - Efficiency of blade element as function of for 0/L equal to 0, 0.05, and 0,10. 
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Figure 7. - Pressure ratio across blade row as a function of 
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Continued. Pressure ratio across blade row as a function of 





NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 



(c) U/a|, 0.5: D/L, 0.05; symmetrical velocity diagram. 
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figure 7. - Concluded. Pressure ratio across blade row as a function of 
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Figure 8. - Specific mass flow as a function of for M| equal to 0.7, Ci<7 equal 
to 0.5 and 1.0 and a symmetrical velocity diagram. 













